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C H A P T E R - I 
INTRODUCTION 
PURPOSE OF STUDY 
The g r a n i t i c massif of Bundelkhand, exposed in the 
southwestern Ut tar Pradesh and nor theas te rn Madhya Pradesh, 
occupies the c e n t r a l par t of the Indian subcon t inen t ; i t 
forms a semic i rcu lar to t r i a n g u l a r ou tc rop . The t o t a l 
ou tcrop area of Bundelkhand massif i s about 26,000 sq. 
k i l o n e t r e s . The massif i s de l imi ted by the Indo-Gangeti c 
a l luvium in the north and by the Bijawar and the Vindhyan 
i n the south ( F i g . l j . Bundelkhand massif l i e s midway between 
the A r a v a l l i s and the Satpura orogenic b e l t s . 
The massif i s mainly composed of g r a n i t i c rock and 
i s t raversed by quartz ve ins and bas i c dykes. The age of 
the d i f f e r e n t rock s u i t e s of the Bundelkhand complex va r i e s 
from 22 00 to 26 00 Ma. 
Absence of important economic mineral depos i t s in 
Bundelkhand was r e spons ib le for the lack of any in depth 
study of the massif. I t received a t t e n t i o n of the geo log i s t s 
from mid-nineteenth century . E a r l i e r work was mainly 
r e s t r i c t e d to the d e l i n e a t i o n of l i t h o l o g i c u n i t s . L i t t l e 
A^ 'ork rias been done on the geochemistry and the t e c t o n i c 
s e t t i n g of the massif. 
The recent s t u d i e s on Bundelkhand g r a n i t e s (Rahman 
& Zainuddin, 1993; Zainuddin et a l , 1992) reveal t h a t the 
Fig .1 G e o l o g i c a l map of Bundelkhand r e g i o n (Basu, 1986) 
massif has evolved through several episodes of gran i t ic 
magma tism of pre- , syn- and post— col l i ss ion tectonic 
s e t t i ng . 
The present study is aimed mainly to decipher the 
tec tonic se t t ing of the Bund el kh and massif and i t s re la t ion 
to Son-Narmada lineament which l i es toward the south of 
the massif. Parts of the Banda d i s t r i c t in U.P., which 
l i e in the northeastern portion of the Bundelkhand massif, 
cons t i tu te the area of study. 
Geological mapping of the area in and around Naraini 
was carried out using the Survey of India Topo Sheet No,63 
C/8 and 63 C/12. Based on field observations, three 
genet ical ly different types of grani te were deciphered 
which are coarse grained b i o t i t e grani te , fine grained 
b i o t i t e granite and leucogranite. Xenoliths of coarse 
grained b io t i t e granite are found in fine grained b i o t i t e 
grani te which indicate that the coarse grained b i o t i t e 
grani te is older than the fine grained b i o t i t e grani te . 
The leucogranite has intruded both the coarse grained 
b i o t i t e granite as well as fine grained b i o t i t e grani te 
and xenoliths of the fine granied b i o t i t e grani te are 
observed in leucogranite which suggest that the leucogranite 
is the youngest phase in the study area. The geology of 
the area JS shown in Fig.2. 
Samples of different types of grani te , basic -^'cno-
l i t h s and basic dykes were collected (Fig.3 shows the 
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Fig. 2 Geological map of Bundelkhand massif in and around 
Naraini, Banda district. 
Fig . 3 Map showing loca t ion of samples. 
l o c a t i o n s of samples) . The study on bas i c x e n o l i t h s i s 
l i k e l y to reveal the t e c t o n i c ' environment of the basement. 
The bas ic dykes, which have int ruded in to g r a n i t e , s t r i k e 
NW-SE and form h i l l o c k at Pangara near Nara in i . The dykes 
mark the culmination of major magmatic events in the a r e a . 
The study on the bas ic dyke may reveal the p o s t - t e c t o n i c 
environment because the bas ic dykes are younger than 
g r a n i t e s . The g r a n i t e i s of ten t raversed by pegmati te as 
well as quartz veins of varying dimensions. 
GEOGRAPHY OF THE AREA 
The g r a n i t i c rocks exposed in the area form the 
n o r t h e a s t e r n margin of the Bundelkhand massif . The area 
i s encompassed between l a t i t u d e s , 25 and 25 15'N and 
l o n g i t u d e s , 80° 15' and 80° 40 'E. The area of study includes 
Nara in i , Pangara, Nahri and Kartal and i s s i t u a t e d between 
the Yamuna r i v e r and the Vindhyan h i l l s . River Bagain 
rlowing from southwest to no r theas t runs through the c e n t r a l 
p a r t of the a r e a . The drainage system of the area depends 
upon the Ken, the Bagain, the Paisuni and the Bardhan r i v e r s 
and t h e i r numerous t r i b u t a r i e s . 
Bundelkhand g r a n i t e forms prominent topographica l 
f e a t u r e around Banda town of Nara in i . The N-S t rending 
quar tz veins and NW-SE t rending bas ic dykes a t t a i n s i g n i -
f i can t height in the g r a n i t i c country at Naraini and Raksi . 
The study area l i e s in the semi a r id zone of the 
Bundelkhand country. The hot' weather commences from the 
middle of March and reaches i t s peak during May and June . 
The days are very hot but n igh ts a re gene ra l ly p l e a s a n t . 
Winters a re not very severe , the f r o s t i s r a r e . About 90% 
of the annual r a i n f a l l occurs between July and September. 
The vege ta t ion of the study area i s sparse and xenophyric . 
Most of the places are acces s ib l e by motorable roads . 
iNaraini i s connected to Banda, K a r t a l , Nahri , Pangara and 
Kal inger Fort by road. Bus se rv ices a r e good and f requent ; 
a l l the important p laces in the area a re a c c e s s i b l e by 
bus from Nara in i . 
Quanying has been done for road and bu i ld ing mate-
r i a l s a t many p l a c e s . The c u t t i n g s provide good l o c a t i o n s 
for f resh samples c o l l e c t i o n and f i e l d o b s e r v a t i o n s . 
The g r a n i t e s a re well j o i n t e d . The major j o i n t s 
t rend NW-SE and NE-SW; these conQugate pa i r of j o i n t s a re 
e i t h e r v e r t i c a l or s t eep ly d ipping. The massive rocks a re 
d i s i n t e g r a t e d along j o i n t plane?, the s ize of the blocks 
vary from few metres to tens of me t res . On weather ing, 
the g r a n i t e s give r i s e to a coarse r e s idua l ma te r i a l l o c a l l y 
c a l l e d "mooram" comprising of fragments of q u a r t z , fe ldspar 
and o the r rock fragments. 
PREVIOUS WORK 
I t i s now more than a c e n t u r y s i n c e t h e g e o l o g i s t 
s t a r t e d e x p l o r i n g t h e Bundelkhand r e g i o n . M a l l e t '1869^ 
r e f e r r e d t o t h e r o c k s of Bundelkhand complex as Bundelkhand 
G n e i s s . L a t e r , t h e s e r o c k s were c a l l e d as Bundelkhand 
G r a n i t e by Heron ( 1 9 3 5 ) . The i n v e s t i g a t i o n s on Bundelkhand 
g r a n i t e have been l i m i t e d t o t h e s t u d y of i t s p e t r o l o g y 
and s t r u c t u r e m a i n l y . Misra ( 1 9 4 8 ) , among t h e e a r l i e r , 
r e p o r t e d t h e p e t r o l o g i c a l d i v e r s i t y of t h e g r a n i t e r o c k s 
of t h e Bundelkhand m a s s i f . Mathur (1954) and Saxena (1961) 
working on t h e p e t r o l o g i c a l e v o l u t i o n of t h e mass i f r e g a r d e d 
t h e g r a n i t e s as p r o d u c t of g r a n i t i z a t i o n of p r e - e x i s t i n g 
s e d i m e n t s . Saxena (1961) d e s c r i b e d t h e v a r i o u s l i t h o l o g i c a l 
u n i t s of t h e a r e a which i n c l u d e , s c h i s t , q u a r t i z i t e , 
a m p h i b o l i t e , m i g m a t i t e , p e g m a t i t e and q u a r t z v e i n . He 
c o r r e l a t e d t h e g r a n i t i c a c t i v i t y in Bundelkhand wi th t h e 
g r a n i t e s of o t h e r a r e a s and c o n s i d e r e d i t t o be an e q u i -
v a l e n t of C lo sepe t G r a n i t e . Saxena (op* cit*) i s of t h e 
o p i n i o n t h a t t h e g r a n i t e s in Bundelkhand a r e a have formed 
a s a r e s u l t of a l k a l i metasomat i sm. 
J h i n g r a n (1958) d i s t i n g u i s h e d t e n t y p e s of g r a n i t e 
i n Bundelkhand based on g r a i n s i z e , c o l o u r of t h e f e l d s p a r 
and p r e s e n c e or a b s e n c e of f e r romagnes i an m i n e r a l s . He 
r e p o r t e d t h e p r e s e n c e of g n e i s s , q u a r t z v e i n , b a s i c dyke 
and v a r i o u s x e n o l i t h s in g r a n i t e s and s u g g e s t e d an i n t r u s i v e 
or ig in of the g r a n i t e s ; the g r a n i t i c l i qu id having formed 
by ana tex i s of o lde r sedimentary rock. Igneous o r i g i n of 
Bundelkhand g r a n i t e has a l so been suggested by Das et a l 
(1982). Saha (197 9) suggested t ha t the Bundelkhand massif 
i s a composite body c o n s i s t i n g of severa l g r a n i t i c and 
g n e i s s i c phases . Basu (1981), on the b a s i s of p e t r o l o g i c a l 
and t r a c e elements study, concluded t h a t the a n a t e c t i c 
melt ing of p r e - e x i s t i n g g r a n i t i c rocks has been the source 
of g r a n i t i c magma. He a lso in fe r red t ha t the metabas i te 
i s an igneous mass of d i o r i t e composit ion. 
Prakash et a l (1975) s tudied the s t r a t i g r a p h y of 
the southwestern par t of the massif; they proposed tha t 
the basa l Archean volcano-sedimentary sequence be des ignated 
as the Rajaula formation. This was followed by the depo-
s i t i o n of shallow water Berwar formation sediments; the 
whole sequence was l a t e r intruded by Bundelkhand g r a n i t e . 
Misra & Sharma (1 975^ determined the chronology 
of the s t r u c t u r e and the s tage of p e t r o l o g i c evo lu t ion 
of the Bundelkhand complex. They d i s t i n g u i s h e d two types 
of g r a n i t e , K-rich and K-poor on the bases of modal ana ly s i s 
and major element geochemistry. 
Sharma (1982 & 1983) suggested tha t Bundelkhand 
reg ion i s composed of severa l types of rocks which have 
undergone metamorphic deformation; a l l t hese rocks a re 
r e l a t e d to the major events of metamorphic deformation. 
1 0 
He suggested t ha t the Son-Narmada l ineament may have some 
important bear ing on the evolu t ion of Bundelkhand massif . 
On the b a s i s of f i e l d r e l a t i o n s h i p corrobora ted 
by pe t rographic and geochemical s tudy, Basu (1986) d i s t i n g -
uished twenty phases of igneous a c t i v i t y in Bundelkhand 
massif which include t h r e e main types of g r a n i t e , coarse 
gra ined p o r phy r i t i c g r a n i t e , f ine grained p o r p h y r i t i c 
g r a n i t e and a massive medium to fine gra ined l e u c o g r a n i t e . 
He a l so repor ted the conspicuous absence of any enclaves 
of s c h i s t and high grade rock within the g r a n i t i c p l u t o n s . 
Sarkar (1969) dated hornblende and b i o t i t e using 
K-Ar technique and concluded tha t the g r a n i t i c a c t i v i t y 
c losed during the period of 2500 to 2400 Ma. However, 
Crawford (1970) using Rb-Sr method determined the age of 
the g r a n i t i c rock of Bundelkhand massif as 2500 Ma. On 
the b a s i s of Rb-Sr isochron method, Sarkar e t a l (1984) 
repor ted the age, 2359+53 to 2246+78 Ma for d i f f e r e n t 
g r a n i t i c phases of the massif. 
Present study i s aimed to d e l i n e a t e the g e n e t i c a l l y 
d i f f e r e n t types of g r a n i t e and to decipher the t e c t o n i c 
s e t t i n g of the emplacement of these g r a n i t e s and t h e i r 
r e l a t i o n to the Son-Narmada l ineament. 
C H A P T E R - I I 
11 
GEOLOGICAL SETTING 
The Bundelkhand massif forms a s e m i c i r c u l a r t o t r i a n -
g u l a r o u t c r o p in p a r t s of U.P. and M. P. , a p p r o x i m a t e l y 
be tween 24° 30 ' - 26° 00 ' N l a t i t u d e s and 77° 30 ' - 81° 
0 0 'E l o n g i t u d e s . The r o c k s c o n s t i t u t i n g t h e mass i f were 
g e n e r a l l y d e s c r i b e d as c o a r s e g r a i n e d p ink g r a n i t e of 
homogeneous c o m p o s i t i o n a s s o c i a t e d wi th q u a r t z v e i n and 
b a s i c i n t r u s i v e . 
The Bundelkhand mass i f i s o v e r l a i n t owards s o u t h 
by t h e Lower P r o t e r o z o i c Bi jawar Group of f e e b l y metamor-
phosed s e d i m e n t s and a s s o c i a t e d l a v a . P r o t e r o z o i c meta -
s e d i m e n t s of t h e Vindhyan Super Group o v e r l i e Bundelkhand 
g r a n i t e in t h e s o u t h w e s t e r n and w e s t e r n p a r t of t h e m a s s i f . 
Bundelkhand massif i s d e l i n e a t e d by s t r u c t u r a l e l e m e n t s 
Like Son-Narmada l i n e a m e n t t o t h e s o u t h and t h e G r e a t 
Boundary F a u l t t o t h e west ( F i g . l ) ; Himalayas mark t h e 
n o r t h e r n l i m i t (Naqvi & Roger s , 1987) . 
Fo l lowing Pascoe (1950J and C h a t t e r j e e e t a l ( 1 9 7 1 ) , 
t h e r e g i o n a l s t r a t i g r a p h i c sequence of t h e a r e a a'round 
Bundelkhand i s g iven in Table - 1. 
Tab le - 1 S t r a t i g r a p h i c Sequence of t h e Bundelkhand Region 
Malwa (deccan) T t a p s f c r e t a c e o u s - Eocene) 
Vindhyan Super Group (1500-550 Ha) 
UNCONFORMITY 
Bi jawar and Gwalior Group (2400-2300 Ma) 
UNCONFORMITY 
Bundelkhand G r a n i t e Complex (2600 Ma) 
Mahroni Format ion 
1 2 
The comparative stratigraphy as suggested by some 
of the principal workers, including Misra & Sharma (1975), 
Sharma (1982) and Basu (1986J is presented in Table - 2. 
The present study area l ies in the northeastern 
portion of the Bundelkhand massif in and around Naraini, 
Dis t t . Banda. The outcrop density of gran i t ic and basic 
rocks is approximately 30%. 
The granite is a massive rock with rare and obscure 
fo l ia t ion , the grain size ranges from fine to coarse. The 
mineral consituents are quartz, pink orthoclase and b i o t i t e . 
Based on field observation, three genet ical ly different 
types of granite were identif ied and delineated in the 
area . 
The s t r a t i graphic re la t ionship of the three genet i -
cal ly different types of grani te as inferred from the 
occurrance of xenoliths of older types within younger ones 
and the intrusive nature of the younger phases into the 
older types is given below: 
Basic dyke 
Quartz Vein (Reef) 
Leucogranite (LG) 
Fine grained b i o t i t e grani te (FGBG^  
Coarse grained b i o t i t e granite (CG.BG) 
Basement rocks - Metabasites/Metasediments 
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COARSE GRAINED BIOTITE GRANITE (CGBG; 
The g r a n i t e has been r e f e r r e d t o as c o a r s e g r a i n e d 
b i o t i t e g r a n i t e because of t h e c o a r s e g r a i n t e x t u r e and 
p r e s e n c e of b i o t i t e as t h e main f e r r o m a g n e s i a n c o n s t i t u e n t . 
The c o a r s e g r a i n e d b i o t i t e g r a n i t e i s t h e o l d e s t g r a n i t e 
in t h e a r e a . 
The i m p o r t a n t o u t c r o p s of t h e c o a r s e g r a i n e d b i o t i t e 
g r a n i t e a r e l o c a t e d near Ramchander Paha r , N a r a i n i Paha r , 
Pangara and Nahr i Bazar . The g r a n i t e s a r e l o c a l l y f o l i a t e d 
n e a r N a r a i n i Pahar and in Ramchander Paha r . Near t h e foo t 
h i l l of t h e N a r a i n i and K a r t a l , i t i s i n t r u d e d by l e u c o -
g r a n i t e . 
The x e n o l i t h s of t h e c o a r s e g r a i n e d b i o t i t e g r a n i t e 
o c c u r in t h e f i n e g r a i n e d b i o t i t e g r a n i t e and l e u c o g r a n i t e . 
X e n o l i t h s of m e t a b a s i t e s ( F i g . 4) a r e p r e s e n t in bo th t h e 
g r a n i t e s . The s i z e of t h e x e n o l i t h s v a r i e s from l e s s than 
1 cm t o l a r g e r than 10 cm. The rock i s i n t r u d e d by s e v e r a l 
g e n e r a t i o n s of q u a r t z v e i n s ( F i g . 5 ) . The p rominen t s e t s 
of j o i n t s t r e n d NW-SE. 
FINE GRAINED BIOTITE GRANITE (FGBG) 
The fine grained b i o t i t e grani te is a dark brown 
to l ight grey coloured rock having a medium to fine grained 
texture . Biot i te is the dominant accessory mineral, a few 
grains of hornblende are also present in the gran i te . The 
Fig.4 Xenoliths of metabasite (x) in fine grained 
biotite granite 
Fig.5 Quartz veins (V) in coarse grained biotite 
granite 
Fig.6 Xenoliths of coarse grained biotite granite 
(X-1 ) and fine grained biotite granite (X-2> 
in leucogranite 
Fig.7 Veins of leucogranite (V) in coarse grained 
biotite granite 
Fig. 8 Veins of basic dyke (V) in leucogranite 
15 
Fig. A 
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rock is generally massive, but at places i t exhibi ts 
porphyri t ic texture having tabular phenocrysts of pink 
feldspar set in a fine grained groundmass composed of 
quartz, feldspar and small crystals of b i o t i t e . 
The main outcrops of the fine grained b i o t i t e granite 
are present in Ramchander Pahar and Kothra Pahar near Gaur 
which l i e at the eastern side of the Banda-Naraini Road. 
The fine grained b i o t i t e grani te exhibits microfaulting 
along which small movement has taken place near Kartal 
Bazar, Thin veins of quartz have intruded along the 
f racture . Quartz veins show cross cut re la t ionship with 
each other indicating several episodes of intrusion (Fig .Sj . 
Xenoliths of coarse grained b io t i t e granite are frequently 
found in fine grained b io t i t e grani te which indicate that 
the coarse grained b i o t i t e grani te is older than the fine 
grained b io t i t e grani te . Xenoliths of basic rocks are , 
however, r a re . 
LEUCOGRANITE CLG) 
This is the youngest granitic rock exposed in the 
study area. It is a massive and compact leucocratic rock 
of brown to dirty white colour. The xenoliths of coarse 
grained biotite granite and fine grained biotite granite 
are present (^ Fig.6) in leucogranite. The leucogranite has 
intruded into coarse grained biotite granite (.Fig. 7) as 
17 
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wel l as f i n e g r a i n e d b i o t i t e g r a n i t e which i n d i c a t e t h a t 
l e u c o g r a n i t e i s younger t han the two b i o t i t e g r a n i t e s in 
t h e s t udy a r e a . 
The l e u c o g r a n i t e forms p rominen t o u t c r o p nea r Nahr i 
in Sah ia Pahar and a t t h e foo t h i l l s of N a r a i n i P a h a r . 
J o i n t s a r e p rominen t f e a t u r e of t h e r o c k ; w e a t h r i n g a l o n g 
t h e j o i n t s has r e s u l t e d in t h e deve lopment of t a b u l a r 
b l o c k s . The l e u c o g r a n i t e i s i n t r u d e d by b a s i c dykes ( F i g . 8 ^ 
and q u a r t z v e i n s of v a r y i n g wid th r a n g i n g from few c e n t i -
me t r e s to few m e t r e s . 
OTHER MAGMATIC PHASES 
QUARTZ VEINS 
The most s p e c t a c u l a r landmass in t h e Bundelkhand 
g r a n i t i c mass i f a r e formed by q u a r t z v e i n s , which a r e 
p o p u l a r l y known as q u a r t z r e e f s . The g e n e r a l t r e n d of t h e 
q u a r t z v e i n s a r e NE-SW. Quartz i s t h e s o l e m i n e r a l c o n s t i -
t u e n t in most of t h e q u a r t z v e i n s . O c c a s i o n a l l y , t h e q u a r t z 
v e i n s have d i s s e m i n a t e d specs of p y r i t e and h e m a t i t e . The 
q u a r t z v e i n s a r e of dominan t ly g r e y i s h w h i t e c o l o u r ; p i n k i s h 
w h i t e and milky w h i t e c o l o u r a r e a l s o common. The ve in 
i s composed of c o a r s e g r a i n e d q u a r t z , some of t h e g r a i n s 
appea r m e g a c r y s t i c . The q u a r t z v e i n s have s h a r p c o n t a c t 
wi th g r a n i t e . 
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Fig. 3 
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BASIC DYKES 
B a s i c dykes a r e very common in Bundelkhand mass i f 
and p robab ly mark t h e l a s t e p i s o d e of magmatism. The dykes 
occur in an enche lon p a t t e r n . A v a s t m a j o r i t y of t h e dykes 
t r e n d NW-SE c u t t i n g a c r o s s t h e NE-SW t r e n d i n g q u a r t z v e i n s . 
The i m p o r t a n t o u t c r o p s l o c a t e d in t h e s t u d y a r ea 
a r e nea r Ramchander Pahar , in and around Pangara and nea r 
Nahr i Bazar . 
C H A P T E R - I I I 
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PETROLOGY OF THE ROCK TYPES 
The Bundelkhand g r a n i t e s a r e mainly composed of 
q u a r t z , p i a g i o c l a s e , m i c r o c l i n e and b i o t i t e . Hornblende 
i s p r e s e n t only in t h e f i n e g r a i n e d b i o t i t e g r a n i t e . 
A p a t i t e , sphene and z i r c o n c o n s t i t u t e t h e main a c c e s s o r i e s . 
The secondary m i n e r a l s in Bundelkhand g r a n i t e s a r e c h l o r i t e , 
e p i d o t e and s e r i c i t e . 
The g r a n i t e s have been c l a s s i f i e d on t h e b a s i s of 
t h e i r t e x t u r e and m i n e r a l compso t ion . Twentyf ive t h i n 
s e c t i o n s of d i f f e r e n t t y p e s of g r a n i t e were s e l e c t e d to 
d e t e r m i n e t h e i r modal c o m p o s i t i o n . K - f e l d s p a r s in t h e t h i n 
s e c t i o n s were s t a i n e d t o d i f f e r e n t i a t e them, from untwinned 
p l a g i o c l a s e s a p p l y i n g t h e method s u g g e s t e d by B a i l y and 
Steven ( 1 9 6 0 ) . The t h i n s e c t i o n s of t h e g r a n i t e s were e t ched 
by c o n c e n t r a t e d h y d r o f l u o r i c a c i d vapour and then d ipped 
i n t o t h e s a t u r a t e d s o l u t i o n of sodium c o b a l t i n i t r i t e ; t h e 
K - f e l d s p a r s were s t a i n e d y e l l o w . Modal c o m p o s i t i o n of t h e 
g r a n i t e s were de t e rmined by t h e p o i n t count method of 
Chayes (1956^. Approximate ly 1200-1500 p o i n t s were c o u n t e d . 
The t h r e e d i f f e r e n t t y p e s of g r a n i t e have s i m i l a r 
m i n e r a l c o m p o s i t o i n , however, t h e r e i s a d i f f e r e n c e in 
t h e r e l a t i v e p r o p o r t i o n of v a r i o u s m i n e r a l s . The two o l d e r 
g r a n i t e s ( b i o t i t e g r a n i t e s ) have h i g h e r c o n c e n t r a t i o n of 
f e r r o m a g n e s i a n m i n e r a l s than l e u c o g r a n i t e . B i o t i t e i s 
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r e l a t i v e l y more e n r i c h e d in t h e c o a r s e g r a i n e d b i o t i t e 
g r a n i t e . The modal c o m p o s i t i o n of t h e g r a n i t e s a r e g i v e n 
i n Tab le - 3 . 
The c o a r s e g r a i n e d b i o t i t e g r a n i t e and f i n e g r a i n e d 
b i o t i t e g r a n i t e a r e e n r i c h e d in f e r r o m a g n e s i a n m i n e r a l s 
( r a n g i n g from 3.58 t o 8.71 volume % and 2 .8 t o 3.90 volume 
% r e s p e c t i v e l y ) . B i o t i t e , o c c a s i o n a l l y a s s o c i a t e d wi th 
ho rnb l en de i s t h e main f e r r o m a g n e s i a n m i n e r a l , K - f e l d s p a r 
i s r e l a t i v e l y low (24 .75 - 25 .55 volume %J in c o a r s e g r a i n e d 
b i o t i t e g r a n i t e and f i n e g r a i n e d b i o t i t e g r a n i t e . The 
l e u c o g r a n i t e which i s t h e younges t phase in t h e s t u d y a r e a 
c o n s i s t s of p l a g i o c l a s e , abou t 31% and q u a r t z a b o u t 25.75% 
wi th minor amount of f e r romagnes i an m i n e r a l s . 
The modal q u a r t z , a l k a l i f e l d s p a r and p l a g i o c l a s e 
were p l o t t e d on t h e lUGS (Modal) c l a s s i f i c a t i o n scheme 
( F i g . 9) of S t r e c k e i s § n (197 6J . The p l o t s of t h r e e t y p e s 
of g r a n i t e show l a r g e c o m p o s i t i o n a l v a r i a t i o n r a n g i n g from 
g r a n i t e , g r a n o d i o r i t e to t o n a l i t e . The l e u c o g r a n i t e s a r e 
c o n c e n t r a t e d w i t h i n g r a n i t e f i e l d . 
PETROGRAPHY OF THE ROCKS TYPES 
COARSE GRAINED BIOTITE GRANITE (CGBG; 
The c o a r s e g r a i n e d b i o t i t e g r a n i t e , t h e o l d e s t 
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Table 3. tloddl coipDsition of Buldelfchand granite 
; Coarte grained IFine grained I ieucograrnte 
; biotite granite Jbiotite granite ', 
Minerals : Hean ; Range ; Mean : Range : Mean : Range : 
Quart: 
Flag. 
K-feld. 
Biotite 
Hornb. 
ChioritB 
Sphene 
Zircon 
Apatite 
Epiriote 
OpequB 
23.88 : i9.80-23.98!26.25 :24.80-28.80 :31.21 :31.88-31.34 
31.52 : 25.28-37.85:27.75 :25,23-27.19 :25.75 :22.88-29.58 
25.15 : 24.75-25,55:26.88 :26.23-27.91 :32.46 :29.75-35.17 
6.28 : 3.58-8.71 :3.e6 :1.8-3.89 :8.75 :8.23-1.27 : 
: — : 8.58 :8.48-1.29 : — - : : 
8.87 : 8.8-8.22 :8.21 ;8.e-e.5 : — - ; : 
8.78 : 8.68-1.29 :B.13 :8.8-B.37 ; — - : : 
0.24 : 8.8-8.42 :8.25 :B.e-8.72 :e.ll :0.B-8.27 : 
8.11 : 8.8-8.23 :8.i2 :8.8-e.29 :8.2B :8.B-8.39 : 
. ; . :g_ii :e.8-8.45 : 
; . ; ; . . 
AbEent 
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QUARTZ 
ALKALIFELDSPAR PLAOIOCLASE 
Fig. 9 Modal values of Bundelkhand granites on Streckeisen=s 
(1976) classification diagram. Symbols: open circle, 
coarse grained biotite granite; solid circle, fine 
grained biotite granite; solid triangle, leucogranite, 
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grani te in the study area, is a coarse grained rock having 
large phenocrysts of feldspar. Plagioclase is the dominant 
mineral in the rock having mean modal abundance of 31.25%, 
quartz comprises 32.00% and a lka l i feldspar 25% of the 
t o t a l rock. The feldspar occurs mainly as subhedral to 
anhedral crystals and exhibit variable degree of a l t e r a t i o n . 
The calcic core of the zoned plagioclase is generally 
a l tered to s e r i c i t e . Graphic intergrowth of quartz and 
microcline is also observed in th is rock which indicate 
eu tec t ic c rys t a l l i z a t i on of the two minerals (Fig . lOj . 
The presence of microcline and plagioclase as sep^erate 
crys ta ls indicate sub-solvus c rys t a l l i z a t i on of g ran i te . 
Biot i te is the most important ferromagnesian const i tuent 
of the coarse grained b i o t i t e grani te ; i t cons t i tu tes about 
7% of rock by volume. Some crys ta ls of the b i o t i t e are 
a l terd to ch lo r i t e . In thin section, b i o t i t e c rys ta l s show 
bending which may have resulted as a consequence of post-
c rys t a l l i z a t i on deformation. 
Sphene and zircon are the important accessory 
minerals of the rock; zircon occurs as euhedral inclusion 
in b i o t i t e indicating that zircon formed e a r l i e r than 
b i o t i t e (Fig.l1 & 12;. 
FINE GRAINED BIOTITE GRANITE (FGBG) 
I t is a medium to fine grained rock with porphyri t ic 
26 
texture , having large phenocrysts of K-feldspar ranging 
in size from 1.00 to 3.00 mm in length. K-feldspar is also 
present in the groundmass, i t cons t i tu tes about 26% of 
the rock. The feldspars are generally p e r t h i t i c (Fig.13) 
in which the a lb i te flame of the per th i te have no physical 
continuity with adjacent grain; s t r ingers of a lb i t e occur 
along the cleavages, which indicate the exsolution origin 
of the pe r th i t e . 
The calcic core of the zoned plagiocLase is a l terd 
to s e r i c i t e and is mantled by unaltered a lb i t e rim. Plagio-
clase cons t i tu tes about 28% of the rock. The plagioclase 
has an average An-content of 13%. Quartz cons i t utes about 
26% of the rock by volume, occurs as seperate anhedral 
c rys ta ls and also as graphic intergrowth (Fig. 15) with 
K-feldspar. The rock also exhibits myrmekitic intergrowth 
of quartz and plagioclase (Fig.14). Biot i te cons t i tu tes 
3% of the rock by volume, some crys ta ls of the b i o t i t e 
are a l terd to c h l o r i t e . At places, b i o t i t e c rys ta l s enclose 
apa t i t e and zircon grains which may indicate the growth 
of b io t i t e crysta ls within the melt (Noyes et a l , 1983^ 
and thus a magmatic origin of the grani te . 
LEUCOGRANITE (LG) 
The rock comprises of K-feldspars which const iute 
about 33% of the rock. The a lka l i feldspar is mostly per-
t h i t i c ; the p e r t h i t i c intergrowth (Fig. 16) has an exsolution 
Fig.10 Graphic intergrowth of quartz (Q) and microcline 
(M) in coarse grained biotite granite 
Fig.11 Subhedral grain of sphene (S) in coarse grained 
biotite granite 
Fig.12 Euhedral crystal of zircon (Z) in biotite (B) 
Fig. 13 Perthitic feldspar (P-f) in fine grained biotite 
granite 
Fig. 14 Myrmekitic intergrowth ^M-Pj of quartz and 
plagioclase 
Fig.15 Graphic intergrowth of quartz (Q) and microcline(M) 
Fig.16 Perthitic intergrowth (P-f> of albite in K-feldspar 
Fig.17 Inclusion of apatite (A> in biotite. 
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o r i g i n and s u g g e s t s h y p e r s o l v u s c r y s t a l l i z a t i o n of a l k a l i 
f e l d s p a r . Quartz has a mean modal abundance of about 32% 
of t h e rock by volume; t h e g r a i n s a r e g e n e r a l l y s u b h e d r a l 
t o a n h e d r a l . 
P l a g i o c l a s e s r ange in c o m p o s i t i o n from An^ to An . 
The c a l c i c core of t h e zoned p l a g i o c l a s e i s a l t e r d t o 
s e r i c i t e . Abundance of C- type twin in p l a g i o c l a s e s u g g e s t s 
magmatic o r i g i n of t h e g r a n i t i c r o c k . M i c r o g r a p h i c t e x t u r e 
i s a l s o seen in t h e g r a n i t e which i n d i c a t e s e u t e c t i c 
c r y s t a l l i z a t i o n of q u a r t z and K - f e l d s p a r . The boundary 
of q u a r t z i s co r roded a t some p l a c e s . 
B i o t i t e , g e n e r a l l y g r e e n in c o l o u r , c o n s t i t u t e s 
o n l y about 1.2% of t h e rock by volume. The o t h e r i m p o r t a n t 
a c c e s s o r y m i n e r a l s a r e a p a t i t e and z i r c o n . A p a t i t e o c c u r s 
as i n c l u s i o n in b i o t i t e (F ig . 1 7 ; . 
XENOLITHS AND BASIC DYKES 
Under t h e m i c r o s c o p e , t h e x e n o l i t h and b a s i c dyke 
show t h e same t e x t u r a l c h a r a c t e r i s t i c s . Pyroxene and 
p l a g i o c l a s e a r e common m i n e r a l s ; p l a g i o c l a s e c r y s t a l s o c c u r 
as l a t h s having o p h i t i c r e l a t i o n s h i p wi th a u g i t e . Augi te 
o c c u r s as s u b h e d r a l to a n h e d r a l c r y s t a l s . 
C H A P T E R - IV 
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GEOCHEMISTRY 
A number of important problems r e l a t e d to pe t rogene-
s i s may be resolved by employing geochemical d a t a . The 
na tu re of the d i s t r i b u t i o n of the elements in igneous rocks 
i s l inked with i t s concen t ra t ion in the magma and the nature 
of the s t r u c t u r e of the l a t t i c e s t h a t may form. In a minera l , 
each element i s p resen t in a d e f i n i t e p ropor t ion and in 
a fixed r a t i o with the other c o n s t i t u e n t . The t r a c e elements 
p re sen t in small quan t i ty in the magma provide useful too l 
for the study of pe t rogene t i c p rocesses . 
ANALYTICAL TECHNIQUES 
Twenty fresh and una l t e red samples r e p r e s e n t i n g 
d i f f e r e n t types of g r a n i t e were chosen for geochemical 
a n a l y s i s . Fresh samples were c o l l e c t e d from well exposed 
ou t c rops ; the samples include those of t h r e e g e n e t i c a l l y 
d i f f e r e n t types of g r a n i t e . The samples were crushed and 
pulver ized to - 200 mesh (7 5 inn) by using the tungsten 
mot ta r . Whole rock major and t r a c e elements (Nb. Rh, Sr, 
Th, U, Y, Zr) ana ly s i s were c a r r i e d out using the energy-
d i s p e r s i v e X-ray f luorescence (^ED XRF) technique CEDAX 
EXAM SIX and PHILIPS PV 91 OO;. 
The a n a l y t i c a l p r e c i s i o n i s b e t t e r than 1% for most 
major elements except K„0 and Na_0 and b e t t e r than 5% for 
31 
t r a c e e lements , K-0 and Na^O. Standard rock samples CRPG: 
GA, GH, GSN, MA-N; USGS: G2, GSP-1 , RGM-1 , AGV-1; GSJ: 
JG2, JG1-9, GA2; IGGE: GSRI, GSR2 were used for de termi-
ning c a l i b r a t i o n curve for the g r a n i t i c rocks . The accuracy 
was maintained using the standard rock samples GSN, STM-1 , 
SCO-1 , SDC, DRN, AGV-1, G2 and MA-N of USGS and CRPG. 
The major element concen t ra t ions have average d e v i a t i o n 
between 0.01 and 0.33% and dev ia t ion for t r a c e elements 
i s about ± 2-10 ppm. 
WHOLE ROCK GEOCHEMISTRY 
The whole rock major and t r a c e element conten ts 
and CIPW norms of r e p r e s e n t a t i v e samples are presented 
in Tables 4 and 5 r e s p e c t i v e l y . The concen t r a t ion of major 
elements in a l l the t h r ee d i f f e r e n t types of Bundelkhand 
g r a n i t e are p l o t t e d on Marker 's (1909) diagram. Most of 
the p l o t s (^Figs. 18a & 18bj e x h i b i t l i n e a r p a t t e r n except 
for PoOj. and K„0. The Fig, show s t e e p l i n e a r t rend of 
Fe^O^lT) and MgO with inc reas ing SiO„. The concen t r a t i on 
of Ti02, Al^O^, Fe^O^i^T), Mno, Cao and Mgo decreases with 
inc reas ing Si02. Na20 shows approximately a f l a t p a t t e r n . 
A s l i g h t l y decreas ing p a t t e r n of Al^O^ with i nc rea s ing 
Si02 i s observed. The s c a t t e r i n g of PpO -^ and TiO may be 
due to heterogeneous accumulation of accessory phases l ike 
sphene, a p a t i t e and zircon which may accommodate these 
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Symbols as in F ig . 18a. 
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e lements . All these t rends of the major elements revea l 
d i f f e r e n t i a t i o n as a process of the evo lu t ion of g r a n i t e s . 
The t r a c e elements in Bundelkhand g r a n i t e d i sp l ay 
a complex d i s t r i b u t i o n with SiO_ (F igs . 19a,19b & 19c) . 
All the t r a c e elements vs SiO^ diagrams in Bundelkhand 
g r a n i t e s show the s c a t t e r i n g p a t t e r n except for Th which 
form a crude negat ive l i nea r p a t t e r n . F ig s . 19a, 19b & 19c 
for t r a c e elements do not e x h i b i t continuous and smooth 
v a r i a t i o n as expected for f r a c t i o n a l c r y s t a l l i z a t i o n . 
S c a t t e r i n g of t r a c e elements observed in many g r a n i t o i d s 
has been ascr ibed to f r a c t i o n a l or heterogeneous accumula-
t i on of some accessory mine ra l s , l i k e sphene, a p a t i t e and 
z i rcon which may be r ich in a number of t r a c e elements 
(Arth, 1976; Pearce and Norry, 1979; Sawka, 1988). 
Rb vs Sr p l o t s of Bundelkhand g r a n i t e reveal the 
r e l a t i v e enrichment of Rb with concommitant decrease in 
Sr (^Fig.2 0) i n d i c a t i n g magmatic evo lu t ion of Bundelkhand 
g r a n i t e by d i f f e r e n t i a t i o n (Taylor, 1965). Rb/Sr vs SiO„ 
(Fig.21) and K/Rb vs SiO- p l o t s (^Fig.21) dep ic t a s l i g h t l y 
negat ive l i n e a r a r ray which a l so suggest t h a t the Bundel-
khand g r a n i t e s have evolved by d i f f e r e n t i a t i o n p rocess . 
GEOCHEMICAL CLASSIFICATION OF GRANITES 
On the bases of f i e l d o b s e r v a t i o n s , inc luding mutual 
r e l a t i o n s h i p of ou tc rops , t h r ee d i f f e r e n t types of g r a n i t e 
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grani te ; solid t r i a n g l e , leucograni te . 
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can be d i f f e r e n t i a t e d in and around Naraini a r e a . The 
mineral composition of the d i f f e r e n t types of g r a n i t e i s 
gene ra l ly s i m i l a r ; however, t h e r e i s a v a r i a t i o n in the 
r e l a t i v e propor t ion of q u a r t z , f e ldspar and ferromagnesian 
m i n e r a l s . The p l o t s of Bundelkhand g r a n i t e on An-Ab-Or 
normative c l a s s i f i c a t i o n scheme (Fig.22) l i e in the g r a n i t e 
f i e l d , only one sample plots near the boundary of g ranodio-
r i t e and g r a n i t e f i e l d . On K-O vs Na20 diagram (Fig.. ' '3) 
the Bundelkhand g r a n i t e s p lo t wi thin the g r a n i t e , adamell-
i t e and g r a n o d i o r i t e f i e l d s . On the "nomenclature" diagram 
or Q= ^^Si/3-U<+Na+2Ca/3J)- P=(K-Na+Cai diagram ^Debon and 
Le Fo r t , 1983), the Bundelkhand g r a n i t e s occupy the f i e l d s 
of adamel l i t e and g r a n i t e , i n d i c a t e s u b - a l k a l i po tass ic 
t r end (Fig.24) . 
The geochemical evidence i s f a i r l y unequivocal t h a t 
most g r a n i t e bodies der ived from d i f f e r e n t sources and 
d i f f e r e n t p rocesses are capable of y i e ld ing a wide d i v e r s i t y 
of g r a n i t e t y p e s . Chappell and White (^1974)^ Hine et a l 
C1978> and White (1979) c l a s s i f i e d the g r a n i t i c rocks i n t o 
I-and S- types . I ( Igneous^- type i s der ived from lower c r u s t 
'•/hereas, S-type has a sedimentary source . L o i s e l l e and 
Wones (1979) proposed another type , the A-type g r a n i t e 
which i s r e l a t e d with anorogenic environment and is a l k a l i n e 
in n a t u r e . White (1979) and P i t che r (1982) i d e n t i f i e d a 
M-type g r a n i t e which i s developed in oceanic i s l and a rc 
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An 
r i g . 22 iNormative An-Ab-Or c l a s s i f i c a t i o n scheme of Bundelkhan 
g ran i t e s . Fields are a f te r Barker (1979) and O'Connor 
(1965). Symbols: open c i r c l e , coarse grained b i o t i t e 
g ran i t e ; solid c i r c l e , fine grained b i o t i t e g ran i te ; 
solid t r i a n g l e , leucograni te . 
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Fig. 23 Plots of Na^O vs K-O of the Bundelkhand 
granites. Symbols as in Fig. 22. 
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f i g . 24 "Q-P" diagram (La Roche, 1964 & 1966: modified by 
Debon and Le F o r t , 1983). The two parameters a r e in 
m i l l i c a t i o n s . Each d i v i s i o n of the g r id corresponds to 
a rock type : ad, a d a m e l l i t e ; dq, quar tz d i o r i t e ; gd, 
g r a n o d i o r i t e ; mzdq, quar tz monzodior i te ; g r , g r a n i t e ; 
mzgo, monzodior i te ; mzq, quar tz monzonite.Trends:THOL, 
t h D l e i i t e ; CALK, c a l c - a l k a l i n e ; SALKD & SALKL, dark and 
l i g h t coloured s u b a l k a l i n e r e s p e c t i v e l y ; ALKS & ALKOS, 
dark coloured a l k a l i n e s a t u r a t e d and l i g h t coloured 
a l k a l i n e over s a t u r a t e d r e s p e c t i v e l y ; GT, g r a n i t e -
t rondh jemi te . Symbols as in F i g . 22. 
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from m a n t l e d e r i v e d p a r e n t magma and r a n g e in c o m p o s i t i o n 
from g a b b r o t o t o n a l i t e . C a s t r o e t a l (1991) i n t r o d u c e d 
a t e r m , H ( h y b r i d ) - t y p e which have formed by magma m i x i n g ; 
i t i n c l u d e s bo th t h e I - t y p e and S- type g r a n i t e s of Chappe l l 
and White CI 9 7 4 ) . 
The p l o t s of Bundelkhand g r a n i t e on mola r Al20^ / 
(Na.^O+K Oj vs molar Al 0^/(Cao+Na 0+K 0) (A/CNK^ ( F i g . 2 5 ) 
d i ag ram shows a r ange in c o m p o s i t i o n of t h e g r a n i t e s from 
meta luminous t o weakly p e r a l u m i n o u s . Th i s i s an i m p o r t a n t 
f e a t u r e of I - t y p e g r a n i t e of Chappe l l and White ( 1 ' ^ 7 ^ ] . 
I t i s e v i d e n t from F i g . 26 showing Y, Nb, Zr vs SiO« p l o t s 
t h a t t h e Bundelkhand g r a n i t e s c o r r e s p o n d t o I - t y p e g r a n i t e . 
Absence of m u s c o v i t e , A / C N K / 1 . 1 and CIPW n o r m a t i v e d i o p s i d e 
f u r t h e r i n d i c a t e t he I - t y p e c h a r a c t e r i s t i c s of Bundelkhand 
g r a n i t e s . 
NATURE OF BUNDELKHAND GRANITE 
P l o t s of Bundelkhand g r a n i t e on A l - ( F e +Ti^-Mg 
t e r n a r y d iag ram of J e n s e n (1976) r e v e a l i t s c a l c - a l k a l i n e 
a f f i n i t y (^Fig .27) . Wright (196 9) has d i s t i n g u i s h e d t h e 
c a l c - a l k a l i n e r o c k s from a l k a l i n e s e r i e s u s i n g p l o t s of 
a l k a l i n i t y r a t i o , (Al^O^+CaO+Alkalis ) / (Al^O^+CaO-Alkal i s > 
vs SiO». The p l o t s of a l l t y p e s of Bundelkhand g r a n i t e 
on a l k a l i n i t y r a t i o vs SiO^ d iagram ( F i g . 2 8 ) a r e r e s t r i c t e d 
t o c a l c - a l k a l i n e f i e l d . The c a l c - a l k a l i n e t r e n d of g r a n i t e 
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Symbols as i n F ig . 25 . 
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Fe^Ti 
Fig .27 Cation percent Al-(Fe^+Ti)-Mg p l o t ( a f t e r Jensen, 1976) 
Symbols as i n F ig . 25. 
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i s a l s o e x h i b i t e d on t h e K-Na-Ca d iag ram ( F i g . 2 9 ) of Barker 
and Ar th (1 97 6; . 
On t h e " c h a r a c t e r i s t i c " or A-B d i a g r a m , A=(Al-CK+Na+ 
2Ca^ ~ B= (Fe+Mg+Ti) , of Debon and Le F o r t ( 1 9 8 3 ) , t h e p l o t s 
of Bundelkhand g r a n i t e s ex t end i n t o l e u c o g r a n i t e , g r a n i t e 
and a d a m e l l i t e f i e l d s and r a n g e in c o m p o s i t i o n from me ta -
luminous to s l i g h t l y p e r a l u m i n o u s ( F i g . 3 0 } . The p l o t s d e f i n e 
a ca f emic (CAFEMj t o a l u m i n o - c a f e m i c {ALCAF) magmatic 
a s s o c i a t i o n . The g r a n i t e s main ly p l o t in s e c t o r I I I and 
IV, some sample s , however, p l o t w i t h i n I I and V. Debon 
and Le F o r t (1988) obse rved t h a t t h e ca f emic and a l u m i n o -
ca femic a s s o c i a t i o n s a r e a p p r o x i m a t e l y e q u i v a l e n t t o t h e 
I - t y p e and S - t y p e , r e s p e c t i v e l y of Chappe l l and White 
(197 4 ) . On Q= (Si /3- (K+Na+2Ca/3j ] - ?= (^K-Na+Ca^ d i ag ram 
( F i g . 2 4 ) , t h e p l o t s of Bundelkhand g r a n i t e s r e v e a l t h e i r 
s u b a l k a l i n e t o c a l c - a l k a l i n e n a t u r e and c o r r e s p o n d t o 
ca f emic t o a luminocaf emic a s s o c i a t i o n . Debon and Le F o r t 
(1987J conc luded t h a t t h e g r a n i t e s w i th ca femic t o 
a luminocaf emic c h a r a c t e r and s u b - a l k a l i n e t o c a l c - a l k l i n e 
n a t u r e a r e r e l a t e d t o o c e a n i c s u b d u c t i o n p r o c e s s . As s u c h , 
t h e Bundelkhand g r a n i t e may be i n f e r r e d t o be s u b d u c t i o n 
r e la t e d. 
PETROGENESIS OF GRANITES 
T e m p e r a t u r e , p r e s s u r e , i n c l u d i n g w a t e r p r e s s u r e , 
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Fig . 29 K-Na-Ca p l o t s for Bundelkhand g r a n i t e s . Trend: 
t r , t rondhjemi te ; ca , c a l c - a l k a l i n e (Barker and 
Arth, 1976). Symbols as in F ig . 25. 
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CAFEM 
B=Fe*Mg*Ti _ I I Peraluminous 
150 200 250 300 Metalumfnous 
30 "A~B" diagram (Debon and Le F o r t , 1983). The parameters 
a re in m i l l i c a t i o n s . Each s ix numbered I to VI c o r r e s -
ponds to a s p e c i f i c mine ra log ica l composi t ion: I (Mu) 
?nuscovitej> b i o t i t e (B i ) , I I Hi > Mu, I I I Hi, IV Hi + 
Anphibole (Am) + pyroxene, V clinopyroxene±Am+Bi, VI 
unusual rocks ( e . g . c a r b o n a t i t e s , Debon and Le F o r t , 
1988). Magmatic a s s o c i a t i o n s : ALUM aluminous, ALCAF 
aluminocafemic, CAFM cafemic. Symbols as in F i g . 2 5 . 
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oxygen fugacity, e tc . play an important role in the c rys ta -
l l i z a t i o n of magma. I t is evident from the t race element 
cha rac t e r i s t i c s that c r y s t a l l i z a t i o n of Bundelkhand grani te 
did not occur by the equilibrium mode. The exact estimation 
of these variable;; (temprature, pressure, oxygen fugacity, 
e t c . ) is d i f f i c u l t because of nonequilibrium c r y s t a l l i z a t i o n 
of the g ran i t i c magma. However, several attempts have been 
made to decipher the value and effect of these var iables 
using major and trace element abundances. 
Normative compositions of the Bundelkhand grani te 
on Q'z-Ab-Or diagram (Fig.31) plot between co tec t ic 1 to 
4 kb water pressure (Tuttle and Bowen, 1958). I t may ind i -
cate that the Bundelkhand grani tes formed at varying free 
water pressure; i t also reveals gabbro-trondhj emite trend 
(Arth et a l , 1978). Some samples of Bundelkhand grani tes 
also plot (Fig. 31) below 4 kb cotec t ic curve indicat ing 
the formation of grani te by polybaric f ract ional c r y s t a l l i -
za t ion. Witney (1976) has shown that same composition of 
pi ag io cl as e-a lkal i feldspar-quartz may coexist in the 
absence of vapour phase at high water pressure or in the 
presence of other v o l a t i l e s . Thus, i t i s possible that 
the Bundelkhand grani tes formed at high pressure in the 
absence of s igni f icant vapour/water pressure or in the 
presence of other v o l a t i l e s . Basu (1986\ observed that 
the g ran i t i c rocks in the Bundelkhand massif are typical ly 
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Fig.- 31 Normative Qz, Ab and Or p l o t s ( c o t e c t i c curves for 
the Qz-Ab-Or-H_0 system from T u t t l e and Bowen, 
1958). Trends: dashed arrow, c a l c - a l k a l i n e ; s o l i d arrow 
gabbro- t rondhjemite (Arth e t a l , 1 9 7 8 ) . Symbols: as in 
Fig . 25. 
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one mica granite containing b i o t i t e only. He opined that 
absence of muscovite in the grani te and pegmatite is indica-
t ive of low water pressure. 
The cafemic to aluminocaf emic cha rac t e r i s t i c s of 
Bundelkhand grani tes with caIc-a lka l ine a f f in i ty suggest 
a subduction rela ted magmatism. Geochemical indices provide 
a means of estimating depth to subduction zone and c rus ta l 
thickness in geological pas t . The c rus ta l thickness at 
the time of grani te emplacement i s estimated by using 
Rb-Sr index deviced by Condie (^913). Rb-Sr d i s t r i bu t i on 
of Bundelkhand grani te ^Fig.32) represents a c rus ta l thick-
ness of ^ 30 km, s imilar to a number of Archean grani tes 
e.g. Laramie ba tho l i th , Louis Lake ba tho l i th and Barber ton 
younger gran i te . Condie (1973) has observed that the ca lc-
alkal ine ser ies which occur on the crust of intermediate 
thickness [20-30 km) correspond to the intermediate depth 
of subduction (^100-2 00 km). 
• 
Bellieni et al (1991) proposed a model to estimate 
the ro le of c rys ta l f rac t ionat ion, ass imilat ion f ract ional 
c ry s t a l l i z a t i on (AFC) and c rus ta l anatexis in the genesis 
of grani tes using geochemical and isotopic data . They have 
ident i f ied four t rends: trend(a) represents compositional 
changes produced by seperation of 60% soild assemblage 
s t a r t ing fron d i o r i t e to give high S r - t ona t i t e , trend (b) 
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Fig.32 Rb-Sr index for Bundelkhand g r a n i t e s . 1 Louis 
Lake b a t h o l i t h . 2 Barberton Younger g r a n i t e , 3 
Laramie b a t h o l i t h . Symbols as i n P i g . 2 5 . 
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is typical of AFC or mixing between magma and host rock 
(De Paolo, 1981J or mixing between t o n a l i t e and grani te 
magma. The trend (b') indicates a plagioclase dominant 
c rys t a l f ract ionat ion process with minor in te rac t ion with 
c rus t a l materials and trend (c) shows AFC trend from d i o r i t e 
to low Sr-granodiori t e . The plots of Bundelkhand grani te 
on Bell ieni et al (^ 1991) diagrams (^Fig. 33) indicate (c) 
trend, which suggests that the grani tes have evolved through 
AFC (assimilation fract ional c rys t a l l i za t ion ) process. 
I t may be , concluded that the Bundelkhand massif 
evolved through polybaric f ract ional c r y s t a l l i z a t i o n and/or 
assimi l i a t i o n fract ional c r y s t a l l i z a t i o n (AFC) processes 
in the absence of s igni f icant water vapour pressure . The 
geochemical s ignatures indicate I-type a f f in i ty and subal-
kaline to ca lc -a lka l ine nature and cafemic to alumino-
cafemic magmatic associa t ion. These geochemical f ingerpr ints 
in Bundelkhand grani te reveal that they represent cont i -
nental margin magmatism re la ted to subduction of an oceanic 
p l a t e . 
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Fig.33 Plots of Sr vs SiO_and Ca to show geochemical 
evolution of Bundelkhand g ran i t es . Trends: a, 
compositional changes produced by separation of 
60% sol id assemblage s t a r t i ng from d i o r i t e s to give 
high Sr t o n a l i t e s : b, effects of bulk ass imi la t ion 
of 20% crus ta l rocks by a high-Sr t o n a l i t i c magma: 
b ' , AFC trend from high-Sr t ona l i t e s to granodior i te 
c, AFC trend from d i o r i t e to low-Sr granodior i tes . 
Symbols as in Fig. 25. 
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TECTONIC SET-UP 
The main r e a s o n why g r a n i t e has r e c e i v e d l e s s a t t e n -
t i o n than b a s a l t as t e c t o n i c i n d i c a t o r i s t h e n o n a v a i l a b i -
l i t y of samples of g r a n i t e s of known t e c t o n i c s e t t i n g . 
Most of t h e s t udy on t e c t o n i c s e t - u p i s p u r e l y e m p i r i c a l . 
A number of scheme f o r t h e c l a s s i f i c a t i o n and t e c t o n i c 
e n v i r o n m e n t of g r a n i t e s have been p roposed on t h e b a s i s 
of major and t r a c e e lement g e o c h e m i s t r y . 
The g r a n i t e s a r e v i r t u a l l y r e s t r i c t e d t o c o n t i n e n t a l 
c r u s t ; t h e i r absence in t h e o c e a n i c c r u s t i s s i g n i f i c a n t . 
The emplacement of t h e g r a n i t e s a r e l i n k e d t o major c r u s t a l 
movement, e . g . , c o l l i s i o n , s u b d u c t i o n and r i f t i n g which 
t h e m s e l v e s o r i g i n a t e in t h e m a n t l e . 
The Bundelkhand mass i f of P r e c a m b r a i n age r e p r e s e n t s 
a compos i t e i g n e o u s body which evo lved by a s e r i e s of 
magmatic e p i s o d e s . I t o c c u p i e s t h e c e n t r a l p a r t of p e n i n -
s u l a r I n d i a and i s d e l i n e a t e d by t h e Son-Narmada l i n e a -
ment to t h e s o u t h . This huge b a t h o l i t h i c body i s very s i g n i -
f i c a n t w i t h r e g a r d t o i t s e v o l u t i o n from t e c t o n i c p o i n t 
of v i e w . 
Pea rce e t a l (1 98 4> obse rved a d i f f e r e n c e in t h e 
c o n c e n t r a t i o n of c e r t a i n c r i t i c a l t r a c e e l e m e n t s in t h e 
g r a n i t e s of d i f f e r e n t t e c t o n i c s e t t i n g s which i n c l u d e ocean 
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ridge grani tes (^ ORG)-a part of ophio l i te complex, volcanic 
arc grani te (^VAG> related to the subduction of oceanic 
crus t , within pla te grani te (^WPG) , anorogenic A-type grani te 
of a lkal ine a f f in i ty , and co l l i s ion grani te (^ COLGj formed 
as a r e su l t of co l l i s ion of cont inent-cont inent , arc 
continent or a rc-arc . 
The Bundelkhand grani tes are mainly concentrated 
with in the combined f ie ld of volcanic arc (VAG) + syn-coll i-
sion grani te on Y-Nb diagram (^Fig. 34aj, but some samples 
plot in the within p la te granite ^WPGj f ield on the d i s c r i -
minant diagram of Pearce et al ( o p . c i t . J , The volcanic 
arc grani te fVAG^  and syn-col l i s ion granite(syn-ODU;^} can 
be discriminated by applying Rb vs Y+Nb diagram. The Bundel-
khand grani tes are concentrated within volcanic arc grani te 
(VAG) f ield on Rb vs Y+Nb diagram (Fig. 34bj . 
Harris et al {) 986) carr ied out a systematic study 
of intermediate and acid in t rus ive rocks from a number 
of continent-continent co l l i s ion zone. They have proposed 
a discriminant diagram to identify four groups of in t ru-
sions, each representing a par t i cu la r stage in the t ec -
tonic evolution of co l l i s ion zone. The various groups are 
as follows: I , p re -co l l i s ion ca lc-a lka l ine (volcanic arc) 
which are mostly derived from mantle; I I , syn-col l i s ion 
peraluminous instrusion (leucogranite) which are derived 
from the hydra ted bases of continental th rus t sheet; I I I , 
b2 
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F ig . 34(a&b) Nb-Y & Rb-Y+Nb d i sc r iminan t diagram. FieldsiSyn-COLG, 
s y n - c o l l i s i o n grani te ;VAG,volcanic a r c g r a n i t e ; 
WPG,bnGah r idge g r a n i t e . The dashed l i n e r e p r e s e n t s 
upper composi t ional boundary for ORG. 
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la te or post co l l i s ion ca lc -a lka l ine intrusion which may 
be derived from a mantle source but undergo extensive 
crus ta l contamination; IV, post co l l i s ion a lkal ine int rusion 
which are derived from mantle l i thosphere beneath the c o l l i -
sion zone . 
On the Rb-Hf-Ta t r iangular p lo ts of Harris et al 
(198 6J, a l l the samples of the Bundelkhand grani tes are 
concentrated within volcanic arc grani te f i e ld (^Fig.?^a). 
The Hf and Ta concentrations have been estimated from Zr 
and Nb using Zr/Hf=39 and Nb/Ta=16 respect ively as suggested 
by Joron et al (1978^. These r a t ios have been used for 
petrogenesis of basic rocks but, since the ra t ios do not 
vary s ign i f ican t ly in t e r r e s t r i a l magma (Wood et al., 1979), 
they may also be u t i l i zed for g ran i t i c rocks. Fig. 35a has 
large scaling factor for Rb.Fig. 35b of Harris et al (1986) 
be t te r discriminates the volcanic arc intrusion from c o l l i -
sion related int rusion. 
The volcanic arc tectonic se t t ing of the Bundelkhand 
grani te is evident from the ocean ridge grani te normalised 
geochemical pat tern of the grani te (Fig. 36). The pat tern 
cor re la tes with the observed pat tern of volcanic arc 
fFig. 36, inset j . The normalising factor chosen is a hypothe-
t i c a l ocean ridge granite (ORG) which is more relevant 
than chondrite value for comjarison of grani te rock (^Harris 
et a l , 1986). 
•yf 
Rb/10 
Tax 3 
Fig. 35a Rb-Hf-Ta t r iangular p lo t . F ie lds : VA,volcanic arc; 
OF, ocean floor; WP,within p l a t e . Symbols: Open 
c i r c l e , coarse grained b i o t i t e g ran i te ; sol id c i r c l e , 
fine grained b i o t i t e g ran i t e ; so l id t r i a n g l e , leu-
cogranite . 
65 
Rb/30 
TaX3 
Fig . 35b Rb-Hf-Ta t r i a n g u l a r p l o t . Symbols as in Fig .35a, 
F ie lds a s in F ig , 35a 
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ig .36 Ocean r idge g r a n i t e (ORG) normalised geochemical 
p a t t e r n s for the Bundelkhand g r a n i t e s . I n s e t : ORG 
normalised geochemical p a t t e r n s for v o l c a n i c a r c 
g r a n i t e s (Harr i s e t a l , 1986) 
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De La Roche M980^ proposed R1-R2 diagram (_R1 = 4Si-
11 (Na+K)-2 (Fe+Ti)j, R2=(6Ca+2Mg+AlJ to determine the t e c -
ton ic environment of the g r a n i t e s . The p l o t s of Bundelkhand 
g r a n i t e s a re concent ra ted wi th in s y n - c o l l i s i o n f i e l d 
(F ig . 3 7) on R1-R2 p l o t s of De La Roche n 9 8 0 ^ . 
The geochemistry of Bundelkhand g r a n i t e r e v e a l s 
i t s c a l c - a l k a l i n e n a t u r e . The g r a n i t e s a r e metaluminous 
to s l i g h t l y peraluminous and show I - type c h a r a c t e r i s t i c s 
wi th cafemic to aluminocaf emic magmatic a s s o c i a t i o n . The 
Bundelkhand g r a n i t e s p lo t in vo lcan ic a rc g r a n i t e f i e l d 
of Pearce e t al 0 984) and Harr i s e t a l (^1986j. The m u l t i -
element geochemical p a t t e r n corresponds to t h a t of 
A n t a r c t i c pen insu la r b a t h o i i t h , Toulumne b a t h o l i t h and 
S i e r r a Nevada b a t h o l i t h ; a l l of them are vo lcan ic a rc 
g r a n i t e formed at a c t i v e c o n t i n e n t a l margin by subduct ion 
of oceanic l i t h o s p h e r e {Vearce e t a l , 1984). 
The geochemical s i g n a t u r e s of Bundelkhand g r a n i t e 
suggest i t s genera t ion in a vo lcan ic a r c environment as 
a r e s u l t of subduction of oceanic c r u s t . The Son-Narmada 
l ineament which i s loca ted toward south of the massif may 
have some important bear ing on the t e c t o n i c evo lu t ion of 
the Bundelkhand b a t h o l i t h . Bouger anomalies map of India 
(NGRI, Hyderabad GPH/5,1975j shows a s teep g r av i t y g rad ien t 
a t the southern con tac t of the massif with Bijawar and 
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Vindhyan. Basu {^ 198 6; suggested t h a t the s t eep g r a v i t y 
g rad ien t i s due to the r i f t i n g along the Son-Narmada l i n e a -
ment . 
I t may be concluded t h a t the Bundelkhand massif 
r e p r e s e n t s a vo lcan ic a rc magmatism r e l a t e d to subduct ion 
of oceanic c r u s t . I t i s pos tu l a t ed t h a t a small ocean 
e x i s t e d between southern and nor the rn pen insu l a r Ind ia 
which was closed during the Late Archean t ime . The Son-
Narmada lineament probably r e p r e s e n t a p a l e o s u t u r e (_Rahman 
and za inudd in , 1993 J formed as a r e s u l t of c o l l i s i o n and 
subsequent fusion of the two mic rop i a t e s . 
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SUMMARY AND CONCLUSION 
The Bundelkhand massi f i s a compos i t e body c o m p r i s i n g 
main ly of g r a n i t i c r o c k s . I t o c c u p i e s t h e c e n t r a l p o r t i o n 
of I n d i a n p e n i n s u l a and forms a s e m i c i r c u l a r t o t r i a n g u l a r 
o u t c r o p c o v e r i n g an a r e a of abou t 26,000 sq . k i l o m e t r e s . 
The Bundelkhand mass i f i s d e l i n e a t e d by s t r u c t u r a l e l e m e n t s 
l i k e Son-Narmada l i n e a m e n t in t h e s o u t h , G r e a t Boundary 
F a u l t in t h e w e s t . 
On t h e b a s i s of f i e l d i n v e s t i g a t i o n s , t h r e e g e n e -
t i c a l l y d i f f e r e n t t y p e s of g r a n i t e were d e c i p h e r e d in and 
around N a r a i n i a r e a in Banda d i s t r i c t , U . P . The o l d e s t 
g r a n i t i c p h a s e , termed as c o a r s e g r a i n e d b i o t i t e g r a n i t e 
i s a da rk g rey c o l o u r e d c o a r s e g r a i n e d rock wi th b i o t i t e 
as t h e main f e r r o m a g n e s i a n c o n s t i t u e n t . The x e n o l i t h s of 
t h e c o a r s e g r a i n e d b i o t i t e g r a n i t e a r e found in a l l t h e 
younger g r a n i t e s . The f i n e g r a i n e d b i o t i t e g r a n i t e e x h i b i t s 
g r a p h i c as we l l as p o r p h y r i t i c t e x t u r e . T h i s i s i n t r u d e d 
by l e u c o g r a n i t e which i s t h e y o u n g e s t g r a n i t i c rock i n 
t h e s t udy a r e a . The l e u c o g r a n i t e i s a m a s s i v e and compact 
rock of brown t o d i r t y w h i t e c o l o u r , g e n e r a l l y devo id of 
f e r r o m a g n e s i a n c o n s t i t u e n t . 
The t h r e e t y p e s of g r a n i t e have an o v e r a l l s i m i l a r 
m i n e r a l o g y wi th d i f f e r e n c e in r e l a t i v e p r o p o r t i o n of i n d i -
v i d u a l m i n e r a l p h a s e s . The Bundelkhand g r a n i t e s a r e composed 
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essen t i a l ly of quartz, p lagioclase , a lka l i feldspar and 
b i o t i t e . The common accessory minerals are zircon, sphene, 
and a p a t i t e ; s e r i c i t e , epidote and ch lo r i t e are present 
as secondary minerals. The Bundelkhand grani tes have large 
compositional var ia t ion , ranging from gran i te , granodiori te 
to tonali1:e. 
The major and t race element geochemistry suggest 
ass imila t ion and fract ional c r y s t a l l i z a t i o n (AFC) as a 
process of geochemical evolution of the Bundelkhand grani tes 
(Fig.33}. The grani tes show subalkaline to ca lc -a lka l ine 
a f f in i ty (Fig.24) and closely cor re la te to ca lc -a lka l ine 
bathol i ths including Sierra Nevada ba thol i th which has 
been inferred to be subduction re la ted continental margin 
magmatism. The Bundelkhand grani tes exhibi t an I-type 
af f in i ty (Fig.26) and are metaluminous to s l i gh t ly peralu-
minous in composition (Figs. 25 & 30) and also reveal cafemic 
to aluminocafemic magmatic associat ion (Fig.30}. The 
grani tes are r e s t r i c t ed in volcanic arc field on the various 
tectonic discriminant diagrams (Figs. 34 & 35}. The mult i -
element spidergram also suggests a volcanic arc geotectonic 
environment for the emplacement of the gran i to ids . 
I t may be concluded that the Bundelkhand massif 
represents a volcanic arc magmatism re la ted to subduction 
of oceanic crus t . I t is postulated that a small ocean 
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existed between southern and northern peninsular India 
which was closed during Late Archean time. The Son-Narmada 
lineament which lies south of the Bundelkhand massif may-
have some important bearing on the evolution of Bundelkhand 
granites; this probably represents a paleosuture formed 
as a result of collision and subsequent fusion of the two 
microplates. 
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